The construction industry is one of the most demanding in terms of natural resources, and of the most polluting in terms of emissions to the atmosphere. Concrete is one of the most used materials in engineering and is a paradigm of the consumption of rocks for aggregates, used in polluting industries such as cement production. In trying to reduce the consumption of natural resources, efforts are being made to use waste as recycled aggregates. This fact has evident economic and environmental advantages, but it has a drawback. The concrete prepared with recycled aggregates has lower mechanical strength than ordinary concrete. This decrease of resistance is mainly due to a higher porosity exhibited by the materials from recycled aggregates. But the increase of porosity can be a great advantage in terms of sound absorption. In this work several types of recycled aggregates have been tested, paying special attention to their acoustic behaviour and pore structure. The results show that concrete made with recycled waste are effective in absorbing sound. It might become an alternative to traditional concrete, since recycling samples behave similarly or better in terms of sound absorption, using recycled materials, and increasing their life-cycle. The measurement of acoustic properties, as well as density, has already been undertaken in previous works. This work presents an image analysis methodology that is completely novel, and that helps to understand the acoustic behaviour of concrete elements.
INTRODUCTION
In recent history the development has mainly considered economic aspects. Nowadays the trends are changing towards a more sustainable development, in a circular economy model, with a reduction of natural resources, and decreasing the generated wastes. In this context, construction and demolition wastes have a great value, due to the huge volume generated, and that offered a great possibility of recycling. In this sense the European Parliament has stated the need of reusing these wastes to promote a more sustainable construction [1] .
The Spanish standard for structural concrete promotes the use of these residues as aggregates, but for the case of structural concrete it is limited to a 20% (with no risk for the structural integrity), and to wastes containing only concrete [2] . The real fact is that most demolition wastes contain many other materials such as ceramics, asphalt, etc. Those wastes (recycled mixed aggregate, RMA) could not be used, according to the Spanish standard, even for non-structural concrete. This makes the recycling rates very low in Spain [3] , [4] However, many efforts are being made for producing non-structural elements of concrete, containing recycled aggregates, even at industrial scale [5] . In these works, the mechanical properties, some durability aspects are determined. It is a common fact that the use of recycled aggregates causes a decrease of the compressive strength depending on the type of recycled aggregate used. Some studies show that it is possible to use up to 50% of recycled concrete aggregates with no loss of mechanical properties [6] , but samples prepared with RMA (a mix of construction and demolition wastes, with almost no classification) may cause an important decrease of the properties of concrete [7] . This fact is the reason why most of the elements prepared are non-structural elements [5] , [8] , [9] . The origin of the mechanical loss is mainly due to the greater porosity produced by the recycled aggregates, either because of the higher porosity of recycled aggregates [8] , or because of the greater interfacial transition zone (ITZ) among paste and aggregate, due to the presence of undesired materials in the aggregates [10] , [11] . In both cases the porosity of concrete increases, and it causes the loss of properties.
This increase in porosity can be an advantage in terms of sound absorption. To that end, different types of recycled materials (construction and demolition wastes) have been used to prepare concrete with recycled aggregates. They have been tested to establish acoustic properties, mainly, and to establish if the recycled samples have similar, or improved the acoustic behaviour of samples prepared with natural aggregates.
EXPERIMENTAL SETUP
In this section both the materials prepared, and the techniques used will be described.
Materials
Concrete samples were prepared using an ordinary Portland cement, CEM I 42.5R according to the standard [12] , and the w:c ratio used was of 0.58. The dosage used for each element prepared follows the proportions given in Table 1 . Only the coarse fraction of the aggregates was replaced by recycled materials. The materials used to substitute the natural aggregates are recycled arlite, asphalt, ceramic, ethylene-vinyl acetate (EVA), hollow tiles, recycled concrete and rubber. The materials were crushed, some of them in a laboratory crusher, and the other provided by the suppliers of the wastes. The materials were selected to have dimensions in the indicated range, and to have a similar grain size distribution, compared with natural aggregates. The arlite is not a recycled aggregate, but since it is a very porous aggregate, it was included to grain size distributions of selected aggregates are shown in Fig. 1 . The replacement of the coarse fraction was total, and all the aggregates were water saturated and surface dried prior to mixing, to ensure the hydration water for the cement. Samples were cast in molds with dimensions 50 mm height and 70 mm diameter and kept in humid chamber for 28 days. Only half of the samples were compacted with a manual procedure, compacting by layers using a steel bar, while the other half suffered no compaction. Non-compacted samples were only prepared with the natural aggregate, arlite, asphalt, ceramics, and hollow tiles wastes. The differences are evident and can be appreciated in Fig. 2 . The sample that suffered no compaction presents a much more porous structure. Six samples of each type were prepared for testing. 
Testing procedures
The samples were tested to obtain the acoustic properties. Initially the bulk density and fraction of holes were determined using the hydrostatic balance method [13] . The sound absorption was determined using the impedance tube method [14] and the absorption coefficient was determined in the frequency range from 250 to 2,600 Hz. In order to try to understand the behaviour of the materials an image analysis has been done on samples. 
Image analysis
Samples were coloured on their surface, by letting them lay on a coloured surface, to avoid paint penetration, and let them dry. The result is shown in Fig. 3 (a). After that a 3 step methodology is followed to analyse the pore structure:
The process to make the analysis was in three steps:
Step 1: Capture of the photographs in a controlled situation of light, using the same focal length, and diaphragm opening.
Step 2: Treatment of the photographs to clean all the parts that do not belong to the sample.
Step 3: Use the program ImageJ to analyse the photos and get all the information about holes and surfaces. The program uses filters to separate the different parts, for this study we have decided to use three filters, one for the deep holes, one for the plane surface, and one for the rest of the surfaces. The parameters used for each one of the filters are reported in Table 2 . The results of the application of the subsequent filters to the image are presented in Fig. 3 The first filter selects the deep holes that appear in the image. Before applying the filters, the noise, that appears as small black dots, was also removed. The filters were selected after several trials, the first one corresponded to the surface, that was coloured, and it was very easy to determine, in second place the darkest parts of the image, that correspond to the deepest holes in the sample were identified, and the last filter studied the intermediate zone, that corresponds to pores, but that are not too deep. So, the three different parts in which the image is divided were analysed to obtain an idea of the pore network. The abovementioned program (ImageJ) draws the perimeter of the surfaces with the same colour and calculates the perimeter and the surface of each element, that is identified with a number.
RESULTS AND DISCUSSION

Density and porosity
As was explained, these parameters were determined according to the UNE-EN 12390-7 standard [13] . The average results are shown in Table 3 . As a first result it can be noticed that the density and pore volume fraction could not be measured due to the standardized method used, that implies immersion under water. The bulk density shows no variation from compacted to non-compacted samples, as it could be expected since all the samples came from the same mix. The reference concrete has high density, but the samples prepared with fractions of hollow tiles show a slightly higher density, possibly due to the compaction method usually applied to these elements (vibropressing) [5] . The samples prepared with ceramic aggregates exhibits the lowest porosity among those which allowed density measurement. This fact is quite common, due to the high porosity measured in ceramic aggregates in previous works [8] , [15] . The elements prepared with arlite, EVA and rubber showed a density lower than water, and this did not allow the proper determination of the density.
Regarding the void fraction measured for each sample, the non-compacted samples exhibit a clearly higher pore fraction than the compacted ones for the same type of waste, as could be expected. Among the compacted samples the highest porosity is shown by the samples prepared with ceramic aggregates, in coincidence with the bulk density results. This fact confirms the theory of the influence of the highest porosity of ceramic aggregates on the properties of the concrete elements. Only compacted samples prepared with hollow tiles wastes and asphalt wastes have shown a slightly smaller porosity that the reference element, again possibly due to the compaction methods used for hollow tiles. The result for asphalt would need more in depth research, but it could be due to the adherence of the organic phase of the asphalt to the aggregate used. The non-compacted samples exhibit a quite different behaviour. Non-compacted samples prepared with ceramics and asphalt wastes are the only ones showing a higher porosity as compared to the non-compacted reference material. This could be possibly due to the highest porosity of ceramic samples, and also to the difficulty of paste flowing through the aggregates, due to their characteristics, that could increase the viscosity. Other option in the case of asphalt is the presence of a greater ITZ, that will cause a decrease of porosity when samples are not properly compacted [16] . The rest of the samples showed a lower porosity, possibly due to a better compaction, or a more compact ITZ due to the similarity of the cement mortar and the aggregates (in the case of hollow tiles and recycled concrete), or to the different granulometric distribution exhibited by rubber wastes that allow the mortar to flow through the grains of aggregate, as it has been already reported with the presence of coarse asphalt particles [17] .
Acoustic properties
The plots for the sound absorption coefficient in the measured range can be seen in Fig. 4 for compacted samples and Fig. 5 for non-compacted samples. Two parameters will be considered to study the effectiveness of the sound attenuation on each set of samples. The maximum value of the absorption coefficient, α, and the percentage of frequencies for which this factor is higher than 0.5. This parameter would be used to study the amplitude in which the concrete could be used as an acoustic attenuator. Both parameters are shown in Table 4 . As it can be seen, there is a clear difference in the acoustic behaviour as a function of the type of aggregate used. Among the set of compacted materials, the one that shows a higher sound absorption is the reference material, but both rubber and asphalt present close values.
The worst peak values are presented by the hollow tiles, the recycled concrete and the arlite. The first one shows these results, that can be clearly related to the higher density and lower porosity. In the rest of materials there seems to be no clear correlation between density and maximum acoustic attenuation.
Some of the non-compacted samples give attenuation factors bigger than 0.9, and all the recycled materials under non-compaction conditions improve the maximum attenuation provided by the reference material. It is also clear that the tested materials improve the value of the maximum with respect to the compacted samples. From this point of view, it is possible to state that it is possible to use recycled aggregates for sound attenuation, and that it is better using non-compacted materials than using a manual compacting method.
Regarding the frequency range for which the attenuation factor is higher than 0.5, when samples are compacted almost every material (excepting recycled concrete and hollow tiles) have a bigger bandwidth with effective sound attenuation, so, they can be used for a wider range of acoustic applications. When samples are non-compacted only hollow tiles and asphalt present a bandwidth broader than the reference. The behaviour of this parameter is quite erratic and some more research is required, because it has nothing to do with the density, with the maximum peak of sound absorption and not even with the type of material.
Image analysis
The results of the proposed image analysis for this study are presented in Table 5 . The percentage of area corresponding to each type of hole, or surface, and the average area of all the pores measured for each mask applied on the image are presented. It has to be pointed out that the more reliable data are those of the deep pores, for which the program makes no assumption or correction. The mean diameter calculated for both surface and the intermediate region can have small differences with the reality due to the assumptions made by the algorithm used by the program. The analysis has only been done for the compacted samples, as a first attempt to establish a correlation with this analysis, and the authors have decided to take the complete set of materials tested.
In a first approach, the image analysis data ( Table 5) indicates that the mixes made from arlite or rubber exhibit a higher percentage of area of deep pores (22-32%) when compared to the others (3.2-8%), being also the samples that showed a higher sound absorption peak (see Figs 4 and 5) . These results were expected given that samples having deeper pores should yield higher viscothermal losses as the acoustic wave propagates throughout them and thus an increased sound attenuation [18] . It should be pointed out that even though the porosity of the rubber mixes (unfortunately, the porosity of the arlite mixes was not possible to measure) is not as high as that of the others, its sound absorption performance clearly exceeds that of the remaining mixes. In this regard, it is worth remarking that apart from the porosity, the microstructure of a porous material plays a key role in these dissipation phenomena. Hence, the results confirm the need to measure not only the porosity but also other parameters (e.g. flow resistivity, tortuosity…) for a more complete characterization and a better understanding of the acoustic behaviour of these concrete-based materials [19] , [20] .
However, some conclusions can be drawn from the presented results. The results show that the samples with higher contribution of the deep holes (more accessible deep holes) correspond to the samples prepared with arlite, rubber and asphalt. If instead of doing a global study we focus on the samples with materials coming from the same family, we would obtain more useful information. Starting with the aggregates that have an organic origin, rubber and asphalt were the materials that produced a higher absorption coefficient after the reference Table 4 ), so it might indicate that the surface of deep holes has an influence on the sound attenuation, but there is also an effect of the type of material used. Looking at the materials prepared with cement-based materials wastes (recycled concrete, and hollow tiles) the same conclusion can be reached, the material with higher fraction of deep holes recycled concrete exhibits also a higher peak absorption of sound (0.68). The rest of the materials cannot be grouped in families, so we can say that for materials coming from the same type of waste, those that give a bigger volume of deep holes are the ones that are more effective for sound attenuation in terms of maximum absorption coefficient. This analysis has never been done, to the knowledge of the authors, and is quite innovative. Most of the papers dedicated to the study of the sound attenuation have tried different materials [21] , [22] but no attention is usually paid to the relationship between pore or holes structure and acoustic properties.
Regarding the bandwidth for which the samples show an absorption coefficient higher than 0.5, it is clearly not related neither to the deep holes nor to the intermediate holes, but a relationship can be established with the surface (blue coloured, with no apparent pore). Taking a look at the aggregates from organic origin (asphalt, EVA and rubber) EVA samples have the highest closed surface, and rubber has the lowest surface and the have an absorption coefficient higher than 0.5 namely 55.63 for asphalt 29.95 for EVA and 26.57 for rubber, so there is no clear correlation with the surface either. More research is required for the study of the effect of using recycled aggregates on the bandwidth where there is a significant sound attenuation.
But, with the provided results it can be concluded that the maximum absorption is a function of both the type of material used and the fraction of deep pores in the materials used to this end.
CONCLUSIONS
After the data measured and the analysis done the following conclusions can be drawn:

The use of recycled aggregates strongly affects the values of density and pore fraction of the concrete samples prepared. The use or not of a compacting method also affects the values of density and porosity. 
The use of recycled aggregates also affects the acoustic properties of concrete. The recommendation of using non-compacted materials could be established since they provide a better sound absorption than the compacted ones. 
In terms of sound absorption it is possible to use recycled aggregates with total satisfaction, especially when the materials are non-compacted. 
The fraction of deep holes for each family of materials used as recycled aggregate can be used to predict the sound absorption. This parameter will be a function of the family of materials and the fraction of deep holes. 
The study of the bandwidth with an attenuation higher than 0.5 should be more studied in depth, because, with the provided results, it seems not to correspond to any of the parameters studied. 
Recycling of materials as aggregates for concrete that will be used as a sound isolator is possible, and it can improve the acoustic behaviour of the concrete with natural aggregates. This will improve the recycling rates, that should be increased according to the legislation, and give more sustainable materials, even though more research is necessary to understand completely their behaviour.
